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Abstract
ww~~1v~

The reactions of diphenoyl peroxide with a series of electronically

excited state hydrocarbon reactants was investigated by pulsed laser

spectrophotometry . It was found that the primary reaction between the

excited state and the peroxide is electron transfer to generate a radical

ion pair. The ions were detected by their characteristic absorption

spectra . The reaction kinetics were measured and used to verify the

generation of radical ion intermediates in the chemically initiated

electron—exchange luminescence (CIEEL) mechanism for the chemiluminescence

of rganic peroxides.
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Sir:

Our investigation of the chemiluminescence of diphenoyl peroxide (DPP) led

us to postulate the chemically initiated electron—exchange luminescence (CIEEL)

mechanism for that?,and later, for numerous other peroxides.2 The key feature of

the CIEEL mechanism is the rate limiting single electron transfer to peroxide to

generate radical ion intermediates from the neutral, ground-state, closed—shell

reactants. These ions may undergo further chemical transformations before they

finally annihilate to form electronically excited states. The primary evidence

for the intermediacy of the radical ions in this sequence has been the correlation

of reaction kinetics with the redox properties of the reactants. We report herein

the results of our pulsed laser spectrophotometric3 study of the reaction of DPP

with several electronically excited electron donors (activators). Pulse excita—

• tion enables us to identify the intermediate reaction products by their charac—

teristic absorption spectra and to measure simultaneously the rate of the reaction.

These experiments show unambiguously that radical ions are formed in the reaction of

DPP with the chemiluminescence activators, and that generation of caged ions precedes

the formation of electronically excited products in the chemiluminescence process.

The fluorescence of excited singlet pyrene (Py*
1) ,  in acetonitrile solvent, is

quenched by DPP which forms eventually benzocoumarin (BC) in 60% yield as the only

volatile product detected. When Py*1 is generated by irradiation with a nitrogen

• laser it is possible t record the absorption spectrum of the transient products

that result from its reaction with the peroxide. The spectrum we observe 200 nsec

• after the excitation of the pyrene, shown in Figure 1, is identical to thit which

has been attributed previously to pyrene radical cation (py+)4 The yield of

cage escaped Py~ can be determined simply by measuring the optical density of

its characteristic absorption after all of the Py*~ has reacted. Cotuparison of

the yield of Py~ from the several systems we investigated is particularly reveal—

ing.

Weller has shown that the quenching of Py*~ by p—dicyanobenzene (DCB) in

Cetonitrile occur s by electron transfer from Py*’ to generate ~~~~ We have
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measured the yield of cage escaped Py+ in this system to be 67% of the Py*~ that

reacts with DCB. The remaining 33% of the Py*1 must be converted to ground or

triplet state pyrene,apparently,by in cage ion annihilation. When phthaloyl

peroxide6 (PP) reacts with Py*~ we have determined tha t the yield of cage escaped

p~,+ is 48%. However, when DPP is the electron acceptor the yield of escaped

is only 5%. It should be noted also that, in comparison to DPP,phthaloyl perox—

• ide is not chemiluminescent.7 The CIEEL mechanism provides a convincing explana—

tion for the different behavior of phthaloyl and diphenoyl peroxides.

One electron reduction of DPP by Py*1 generates, after oxygen—oxygen bond

cleavage, diphenic acid radical anion. Rapid decarboxylation and ring closure

of this species produces a powerful reducing agent, benzocoumarin radical anion

(BC), presumably within the same solvent cage as ~y+ The radical ion pair,

py+ BC , has several energetically possible reaction channels available. Anni-

hilation within the cage can generate singlet,or triplet,excited pyrene,or pyrene

ground state.8 In competition with annihilation, diffusion into bulk solution

generates the lo’i yield of escaped py
+ that we observe. On the other hand, one

electron reduction of PP generates phthalate radical anion. The struc-

ture of this species precludes Its efficient rearrangement to a reducing agent. The

cage annihilation reactions that consume the BC py+ pair from DPP do not occur with

PP because electron tr ansfer from phthalate radical anion to ~y+ is endergonic. As

a result, diffusion competes more effecti rely with in cage reactions and we observe

a relatively high yield of escaped ~~~~ These reactions are summarized in Scheme 1.

Confirmation of the notion that reaction of Py*l with DPP can eventually

regenera te Py*i comes from an analysis of the reaction kinetics and from measurement

of the reaction quant um efficiency . Pyrene singlet reacts with PP with a

diffusion limited ra ’ e constant of 1.67 ± (0.01) x 1010 W 1 ~~~~~~ and consumes

peroxide with a quantum efficiency of 0.81 ± 0.05 . In contrast , JPP reacts with

P7*1 with an apparent rate constant of only 1.02 ± (0.007) x 1010 )4 1 • 1 but

‘.1-h a quant~~ eff4 ciency of 1.56 ± 0.15. Th.se observations can be reconciled
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if, as we suggest in Scheme 1, Py*1 is, to some extent, regenera ted from the cage

radical ion pair resulting from Its reaction with DPP bu t not from its reaction

with PP. Indeed, the extent of Py*l regeneration calculated from the quenching

results is in agreement with the efficiency of Py*1 production we have determined

for the chemiluminescent reaction of ground state pyrene with DPP. Of course,

the Py+ BC radical ion pair should be the same regardless of whether it is

formed from ground or excited state pyrene.

Finally, we have established a kinetic link between the chemIluminescence

of DPP and its reactions with electronically excited states. According to the

CIEEL mechanism, the predictor of the rate constant for reaction between a per—

• oxide and an activator is the one electron oxidation potential of the activator .

If this is correct , then the rate constant for reaction of electronically excited ,

as w ll as ground state , activators should be predicted equally well by their

oxidation potentials. The oxidation potential of Py*
1 is -2.00 V (vs. SCE).1°

Extrapolation of the ground state chemilutninescence data to the oxidation poten—

tial of Py*
1 (Figure 2) predIcts a bimolecular rate constant of 1.2 x 1016 M 1

~ ~~~
. Of course , this is much greater than the diffusion limi t,and the rate we

- 

observe indicates ,essentially, ~i diffusio, controlled reaction .

The oxidation potential of triplet anthracene is calculated to be —0.47 V.

• This activator is expected , thrrefore , to react with a rate constant slower than

the diffusion l imit .  We have measured th* rate of reaction of triplet anthracene

wi th DPP by monitoring the triplet—tri’let absorption spectrum following laser

excitation. The rate constant for this reaction was found to be 1.44 ± (0.03) x

io8 M ’ ~~~ The excellent correlation of this rate constant with the previously

determined ground state activator rate data is shown in Figure 2. This correla-

tion demands that ti rate determining step i r the groun d and excited state reac-

tions of DPP with the various activators is the same , namel y, electron transfer

from the activator to the peroxide.
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In conclusion, this investigation , and our other studies of the CIEEL mech-

anism, permit a fairly detailed sketch of the reaction coordinate. Electron trans-

fer from the activator (which may be in its ground , or an electronically excited

state) occurs, with a rate constant determined by the activator oxidation poten—

tial,to generate a pair of oppositely charged radical ions. These ions may dif-

fuse from the solvent cage or they may undergo further rapid chemical transforma—

tion. Annihilation of ion pairs which are sufficiently energetic form electron-

ically excited product. We have investigated this sequence of reactions primarily

for reagents capable of giving excited products. We suspect , however, that rate

limiting electron transfer may underlie the mechanism of many strictly ground

state reactions as well. We are continuing to investigate this, and other , aspects

of these reactions.

~~~~~~led ent We thank Mr. James Webmer for his valuable assistance in

the design, construction , and operation of the laser apparatus and Dr. Joseph

Zupancic for the preparation of phthalo)l peroxide. This work was supported in

part by the Office of Naval Research and in part by the National Science

Foundation. The laser apparatus was constructed with funds supplied by NSF.

I

_ _  •

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~---.-
-
~~~~~~ ~~~~~~~~ - - 

-



_ _ _ _ _ _ _ _ _  

______________ 
- _ _ _ _ _ _ _ _ _

I

References and Notes
W~~~~~ vVWA#w~~~~~~~~

1. a. Koo, J.—y.; Schuster, C. B. J. Am. Chem. Soc., 99, 6107 (1977).

b. Koo, J.—y .; Schuster, C. B. ibid., 100, 4496 (1978).

2. Smith, J. P.; Schuster, C. B. J. Am. Chem. Soc., 100, 2564 (1978);

Schmidt, S. P.; Schuster, G. B. ibid., 100, 1966 (1978);

Dixon, B. G.; Schuster, C. B. ibid., 101, 3116 (1979).

3. The pulsed laser apparatus consists of a Molectron 900 kw nitrogen laser

focused to a 3 mm x 10 mm rectangle in a 1 cm cell for excitation and a

PRA 450 w xenon lamp pulsed with a 60 pf capacitor to probe the reaction.

The probe beam in tens i ty  was monitored wi th  a Hama matsu 938 photomulciplier tube.

The data were recorded and analyzed with a Tektronix R7912 transient digitizer.

4. Balk, P.; de Bruijn, S.; Holjtink, C. .. Reel. Tray. Chim. Pays—Bas, 76,

907 (1957). Khan, Z. H.; Khanna, B. N. J. them. Phys., 59, 3015 (1973).

5. Cel iman , K. H.; Watkins, A. R.; Weller , A. J. Phys. Chem., 76, 469 (1972).

6. Phthaloyl peroxide was prepared and purified by the procedure developed by

Greene: Greene, F. D. J. Am. them. Soc., 78, 2246 (1956).

‘I 7. C.undermann, K.—D.; Seinfatt, M.; Fiege, H. Angew. Chem., 83, 43 (1971).

The report that phthaloyl peroxide ge ’erates singlet oxygen on thermolysis

(Cundermann, K.—D.; Steinfatt, N. ibid., (i. ed.) 14, 560 (1975)) is in

error : Zupancic, J. J.; Sc hinter, C. B., to be submitted for publication in

this journal.

8. The energy released on annihilation can be estimated by subtracting the

reduction potential of the anion from the oxidation potential of the cation

and correcting for the couloabic stabilization energy of the ion pair.

9. The chemistry of phthaloyl peroxide with ground and excited state electron

donors is the s’ibj ect of a forthcoming publication from this laboratory.

10. The oxidation potential of an excited state can be estimated by subtracting

the excitation energy from the ground state oxidation potential: Rehm, D.;

- ~~~

_________________________________ ________________________



Weller , A. Isr. J. them., 8, 259 (1970). This is strictly true only if

the stokes shift is negligible, which can be verified for singlet states

but not easily fo r t riplets.

11. Fellow of the Alfred P. Sloan Foundation 1977—79.

A

I

ii 

____ ______ ________________________________________________________
• • 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- — •.,- 
~~~~~~~~~~~~ ~~ ~ :::—~:i•_ -~_- ~~~~~~~~~~~~~~~~~ — ——--—~~~~— 

— _____



- 
~~

•
~~~~r • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

•• 
~~~~~

: • • .- • - —•—• -•—-- -~~--- •-.—.--•- - - - - -  — --- --

Scheme 1
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£Q~~~
ons for Fl ures

Figure ~.. Absorption spectrum of pyrene radical cation recorded 200 nsec after

excitation. The solvent is ace~onitrile, pyrene concentration is

3.04 x l0~~ M and DPP concentration is 2.4 x lO~~ H.

Figure 2. Correlation of reaction kinetics for reaction of DPP with ground

and excited state activators . The data for the ground state

activators come from reference lb.

I

• p

* 
q

— -  •

~ ~
•T7• :~~LP ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~ ‘~~~~~~~•-~~ -
‘

~~
••

~~~~~~~~~ _ _ _ _J _ _ I _ _  • - 

— —



~~~~~~
-

~~~~~~~~~~
-
~~~~~

-
~~~

-
•
_

. 
•--

~~

--- •.---. —,

03
OIJ X 10

0 0
N 01 0 (A)
(A) :--~ 03 C)’ (A)

L n —  
7

:
- 0 1
- 1 °
- o IC..) :

-

rn :

rn
Z (~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

H -

—

z
~~~0

u1~~~~0

(.1 1

:
0

01

L 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i::

I —-—~~~~ — — .
—.- _

~~~~~ ~- 
— — - — —a—--- 

-* ~~~~ — ~~~~~~~ 
~~~~~~~~~~~~ ~~ - - ~~~~~



- LN(K2) X 10
01

0 ‘-~ N N CA)

I N I—’ (0 00

/1

• ii
0 7 /

-~~~~ ‘~b. J _ I  /  I

~~~~~~1
’

0
N

I I I

L 
___ ~~~%~

_

__________________________________________________ -
• • . ~~~~~~~ ~ • ~~~~~~l__•. :~

_
~-~• —



- -- 

(
~~~~

_

~ 

- — -- ‘-- :~~~ :~~~
— : - ~~~

- --- --- —

• 

• 
472 :CAN:7 16: tam
78u472~4O8

TECHNICAL REPORT DISTRIBUTION LISTL LEN

No.
Co Tes Copies

O f f i c e  of Naval Research Defense Documentation Center
800 North Quincy Street Building 5, Cameron Station

• A r l ing ton , Virginia 22217 Alexandria , Virginia 22314 12
- • Attn: Code 472 2

U.S. Army Research Off ice
ONR Branch Office P.O. Box 1211
536 S. Clark Street Research Triangle Park, N.C. 27709
Chicago , Illinois 60605 Attn: CRD—AA—ZP
Attn: Dr. George Sandoz I

Naval Ocean Systems Center
ONR Branch Office San Diego , California 92152
715 Broadwa y Attn : Mr. Joe McCartney
New Yc-zk , New York 10003
A ttn: Scientific Dept. 1 Naval Weapons Center

China Lake, California 93555
ONR Brsnch Office Attn; Dr. A. B. Ainster
1030 East Green Street Chemistry Division
Pasadt:na , California 91106
Attn: Dr. R. .7. Marcus I Naval Civil Engideering Laboratory

Port Hueneme, California 93401
ONR A~ea Office Attn: Dr. R. Ii. Drisko
One H~il1idie Plaza , Suite 601
San Francisco , California 94102 Professor N. E. Woehier
Attn: Dr. P. A. Miller 1 Department of Physics & Chemistry

Naval Postgraduate School
ONK B ench Office Monterey, California 93940
building 114, Sec t ion D
666 Simmer Street Dr. A. L. Stafkosky
Boato~i, Ma ssachusetts 02210 SctentLf~c Advisor
A ttn : Dr. L. H. Peebles 1 Commandant of the Marine Corps

(Code RD—i )
DLr ec~or , Nava l Research Laboratory Washington , D.C. 20380
Washiagton , D.C. 20390
A ttn: Code 6100 1 Office of Nava l Research

¶ 800 N. Quincy Street
The A ssistant Secretary Arling ton , Vir g inia 22217

of :he Navy (R,E&S) Attn: Dr. Richard S. Miller
Department of the Navy
Room 4E736 , Penta gon Nava l Ship Research and Development
Wa shiigton , D.C. 20350 1 Center

Annapolis , Mary land 21401
Ccmeaader , Naval Air Systems Command Attn : Dr. C. Bosmaj ien
Department of the Navy Applied Chemistry Division
Washin gton , D.C. 20360
Attn : Code 310C (H. Rosenvassir) 1 Naval Ocean Systems Center

San Diego , California 91232
.~ttn : Dr. S. Ya.naaot3, ~tsrins

Science. D ivLt io t ~

- •- 
~~~~

___
~~~~ —-~~~~~~‘.w•- •,~ ~ • _ ••_~~~~~~~~~~~~~ -,. ~~~ ~~~~—~~--—---—--- - - ________________

.- ~~~~~

- —•~~-. ~~~~~~~

-- - — — —.
~~~~~

- - 
— -~~~~~

—-- - -  
~~~~~~~~~ ~~~~~~ 

-— u. . — ——- --— - -- - - —-- --- — _____

-— -~ — —- —
“ -~~ 

- - -
~~~~

-- -.~~-----~..-~~~



r ------
~
— —--—-----

~
-——

~~
----- - -

— -— 
•

- ~=~r~—— --~~~~~~~~~~~ - - 
—

S

* 
472;CAN:716 :tan
78u4 72—608

~FECHNICAL REPORT DISTRIBUTION LI
ST, 051A

No.
Co~Tes Copies

~
)r. M. A. EI Sayed 

Dr. H. Rauhu t

‘ r .iver.city of California , American Cysnamid Company

Los Angeles chemical Research Division

)ep~ rt ment of Chemistry Bound Brook, New Jersey 08805
L~~ Ar ge les , California 90024 1

Dr. .7. I. Zink

Dr. M. W. Windsor University of California , Los Angeles
Wa~.hit gton State University Department of Chemistry

Dep ~i r t m e n t  of Chemistry Los Angeles , California 90024

Pul~ rn~n , Washington 99163 1
Dr. B. Schechtman

Dr. C. k. Bernstein IBM
Co~or. do State Univers.ity 

San Jose Research Center
Departri.~nt of Chemistry 5600 Cottle Road

Fort Collins , Colorado 80521 1 San Jose , California 95143

Dr . C. A. Heller Dr. John Cooper

N~ v~~l Weapons Center COde 6130

~ .~(h-~ 
Naval Research Laboratory

China Lake , Ca lifornia 93555 1 Washing ton, D.C. 20375

Dr . J. R. MacDonald
N.ival Keseurch Laboratory
Chcn i~ try Division
Code ull O
Was~ ii.gton , D.C. 20375 1

Dr. Cv.~R. Sch~4ter
Univers~~’~~#dT I l l inois
Chcmi~.t artment
Urba • Illino s 61801 1

• Dr. E. H. Lyring
University of Utah
Department of Chemistry
Self Lake Ci ty ,  Utah 1

Dr. A. Adamson
Univer sity of Southern Ca l i fo rn i a
Department of Chemistry
L

~

s Ar gu es, California 90007 1

Dr. ‘- . S. Wri ghton
~-‘j  - s  ~~-u s e t t s  In st i tut e  of

•~~c~ ology
Department of Chemistry
~~~~~~~~~ t ’ - , ~L~ssach i s e t t s  02 139 1

I 
_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ J~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~j


